Objective: Epstein-Barr virus-positive diffuse large B-cell lymphoma (EBV -pos DLBCL)
| INTRODUC TI ON
Diffuse large B-cell lymphoma (DLBCL) not otherwise specified (NOS) without evidence of underlying immunodeficiency and that is positive for Epstein-Barr virus (EBV -pos DLBCL) was recognised as a distinct entity in the early to mid-2000s. [1] [2] [3] In some studies, but not in others, it has been associated with poor outcome with standard "R-CHOP" (rituximab-cyclophosphamide/doxorubicin/vincristine/ prednisolone) immuno-chemotherapy. [4] [5] [6] [7] [8] [9] Recent studies indicate EBV -pos DLBCL occurs in both younger and older patients and that age does not influence pathological characteristics. 4, 10 Epstein-Barr virus represents a foreign antigen against which healthy EBV-specific cytotoxic T-cell (CTL) immunity has been extensively characterised. 11 This response plays a pivotal role in controlling outgrowth of virus-infected cells. CTLs scan the surface of virus-infected cells to detect EBV peptides bound to MHC molecules and eliminate these cells by direct lysis. Conversely, the presence of EBV within the lymphoma cell acts as a potential target, strongly implicating mechanisms of immune evasion. Indeed, EBV -pos DLBCL cases are associated with alterations in the tumour microenvironment (TME), which in turn may be modulated by the virus.
Biopsies are frequently enriched in histiocytes that show high levels of programmed death ligand 1 (PD-L1) and indoleamine 2,3-dioxygenase. 12, 13 It is postulated that all these factors contribute to a tolerogenic environment that promotes tumour immune escape, 14 much as iatrogenic immunosuppression does in EBV -pos post-transplant lymphoproliferative disorders. [15] [16] [17] [18] Interestingly, we have previously shown that the T-cell receptor repertoire is a key determinant of the TME and is associated with outcome. 19 Furthermore, substantially higher clonal T-cell responses were observed in EBV -pos vs EBV -neg DLBCL. 19 Although the prognostic impact of the TME in de novo DLBCL is well-established, [20] [21] [22] [23] [24] it remains untested as to whether the TME is associated with differential survival in EBV -pos DLBCL.
Conventionally, EBV-tissue status is determined by EBV-encoded small RNA in situ hybridisation ("EBER-ISH") testing. Digital multiplex gene expression technologies such as NanoString™ are applicable to formalin-fixed paraffin-embedded (FFPE) tissues, but this approach is yet to be applied to EBV -pos DLBCL. Not only can individual EBER molecules be digitally quantified ("EBER-digital"), but these technologies offer the advantage of simultaneous interrogation of key viral and tumour microenvironment (TME) parameters, all of which are relevant to this unique pathobiological entity. 25 In this study, we firstly demonstrate that EBER-digital is suitable for detecting EBV -pos DLBCL. Next, the platform was used to concurrently quantify other tumour-related and TME factors with prognostic and/ or biological importance, in a large population-based multi-centre series of DLBCL. This indicated that the TME is a principal determinant of survival in EBV -pos DLBCL. Of the 433 extension cohort patients, 383 had survival data available; 362 of these were treated with R-CHOP; and 21 patients were treated with alternate regimens. The study was approved by Metro South (Brisbane) Ethics Committee. Lymph2Cx-specific normalisers were used in accordance with guidelines. EBER-ISH was performed as previously described. 2, 4, 8, 16, 27 
| MATERIAL S AND ME THODS

| Patients
| RNA quantification
| Statistical analysis
Values between groups of data were tested for statistical significance using the 2-tailed Mann-Whitney tests. Categorical data were compared using Fisher's exact test or chi-squared test as appropriate. 
| RE SULTS
| Defining EBV -pos DLBCL by digital multiplex gene expression
The initial aim was to establish a threshold for EBER-digital positivity to be used for further analysis. Firstly, EBER expression was quantified by NanoString™ in the 81 DLBCL biopsies tested with both EBER-digital and EBER-ISH. The median EBER gene count was 34 295 digital counts (range 1900-459 327) for the 10 cases that were classified EBER-ISH positive. The remaining 71 cases had a median digital count EBER of 3 (range 1-1681). A threshold of 500 normalised digital counts was selected for further testing. A receiver operating curve at this level indicated a sensitivity of 100% and specificity of 94%. This level was almost 15 times above background expected levels, and no EBER-ISH-positive cases had any EBER-1 digital counts below this level. In a confirmatory experiment, an EBV + Burkitt's cell line was diluted at various concentrations (10-fold dilutions) with PBMC from an EBV-negative donor. The undiluted cell line sample and 1:10 dilution samples had high EBER-1 counts of 28 637 and 3854, respectively. The 1:100 sample demonstrated a detectable level of EBER-1 at 122 digital counts, but all other dilutions below this (6 further dilution levels) recorded EBER-1 levels below 30 gene counts with similar gene counts for all these dilution levels, that is confirming that counts <30 should be considered as background/undetectable level.
Eighty-six per cent of cases had an EBER-1 gene count <30, which is considered below background levels for the assay as described above. Duplicate EBER-1 assays showed r = 0.98 (P < 0.0001) when EBER-1 was >30 counts. EBER-1 correlated with EBER-2 (r = 0.92, P < 0.001) and LMP1 (r = 0.74, P < 0.001).
| Incidence of EBV -pos DLBCL in an Australian population
In the extension cohort, an additional 309 cases had sufficient tissue available for NanoString™ (ie, 390 cases total), with 26 cases classified as EBV -pos DLBCL (6.6%). Similarly, in the 43 cases tested with EBER-ISH, there were four EBV -pos cases (9.3%). In the combined 433 cases, 30 EBV -pos cases were identified giving an overall rate of 6.9%. EBV -pos cases did not differ by the international prognostic index (IPI) or any of the individual IPI parameters (chi-squared test) including age category >60 years of age (Table 1) 
| Relationship between EBV -pos DLBCL and COO
Tissue was available to establish COO by NanoString™ Lymph2Cx 
| EBV -pos DLBCL has an adverse impact upon survival independent of IPI and COO
With a median follow-up of 45 months, 362 patients in the extension cohort received R-CHOP immuno-chemotherapy. Of these, 27 (7.4%) had an EBER-digital gene count >500 or were EBER-ISH positive. EBV positivity was associated with poorer outcome, with OS significantly inferior in EBV -pos cases compared to EBV -neg cases with 5-year OS 65% vs 82%, P = 0.018 (Figure 1) , respectively, and a trend towards inferior 5-year PFS of 55% vs 72%, P = 0.09. When including all 383 patients with follow-up data irrespective of treatment, EBVpos DLBCL remained very similar with inferior 5-year overall survival of 65% vs 80% for EBV -neg cases (P = 0.026) and a trend towards poorer 5-year PFS of 56.5% vs 71.8%, P = 0.13.
There were 307 cases with COO assigned by Lymph2Cx. Patients with tumours classified as GCB had an improved outcome compared to those classified as ABC (5-year OS 84.6% vs 69.7%, P = 0.033, Figure S1 ). By multivariate analysis including COO, IPI and EBER-digital, only EBV status (P = 0.045) and IPI (P = 0.001) but interestingly not COO (P = 0.25) were independent predictors of OS. Similarly, in a multivariate model including the 342 patients with EBV status (EBER-digital or EBER-ISH) and IPI data available therapy, both were independent predictors of overall survival (P = 0.031 and P < 0.001, respectively). EBV status was not an independent predictor of PFS in any model.
| Epstein-Barr virus associations with host and viral genes
In the 390 cases with EBER-digital, host gene expression results were compared, stratified by EBER-digital status. EBV -pos tumours showed strong associations with immune genes. Whilst effector markers such as CD4, CD8 and CD137 did not differ, there were 
| Impact of EBV -pos DLBCL of prognosis could potentially be influenced M2 macrophages
We then tested whether host gene expression might in part explain the adverse outcomes observed in our small cohort of 23 EBV -pos DLBCL EBER-digital cases treated with R-CHOP immunochemotherapy. The CD163/CD68 M2 ratio (cut-off ratio CD163/ CD68 = 0.75) divided patients into two distinct prognostic groups for 5-year PFS (P = 0.004) and 5-year OS (P = 0.01) with high levels of M2 associated with inferior outcome (Figure 3 ). Results should be interpreted with caution given small numbers in our cohort. This M2 ratio was also predictive of poor outcome in EBV -neg cases, but a higher level of M2 infiltration was found in significantly more EBV -pos DLBCL cases (56% vs. 34%, P = 0.038, Fisher's test).
| D ISCUSS I ON
In a large population-based Australian cohort, the incidence of EBV -pos DLBCL was 6.9%. Outcome was inferior to EBV -neg DLBCL after treatment with first-line immuno-chemotherapy. By digital multiplex gene expression, EBV -pos DLBCL had a distinct TME, with elevated immune checkpoint expression. The CD163/CD68 "M2" ratio segregated EBV -pos DLBCL into groups with highly contrasting survival outcomes to R-CHOP, indicating that the TME is a principal determinant of survival. The differences in the TME between patients have not been accounted for in previous studies and may explain why the inferior survival in patients with EBV -pos DLBCL treated by R-CHOP has been demonstrated in some studies but not confirmed in all. [4] [5] [6] [7] [8] [9] Application of NanoString™ enabled genes reflective of the TME to be simultaneously interrogated along with EBV-tissue status. Intratumoral T-cell infiltration has previously been shown to be prognostic in DLBCL treated with R-CHOP. 21 However, we observed that both CD4 and CD8 were equivalent between EBV -pos and EBV -neg tumours. Against this, PD-L1, PD-L2, LAG3 and TIM3 immune checkpoint expression levels were elevated in EBV -pos relative to EBV -neg biopsies. This is in keeping with our previous observations that EBV is also associated with up-regulated LAG3 in classical Hodgkin lymphoma (cHL). 30 LMP1 is a key viral oncogene with established immunomodulatory abilities, and its levels correlated with PD-L1-consistent with its known ability to induce PD-L1 in other EBV -pos lymphomas. 31 Importantly, the antigen-presenting molecule B2M was present at higher levels in EBV -pos disease. These data are consistent with antigen presentation typically being intact in EBV -pos disease 32, 33 and that viral-induced immune evasion occurs at least in part via an immuno-tolerogenic TME.
We demonstrated significantly higher levels of M2-type macro- many cancers including DLBCL. 22 In cHL, we have previously demonstrated that EBV levels correlate with CD163. 34 Similarly, in EBV -pos DLBCL LMP1 correlated with M2. Next, we tested to see whether M2
could stratify outcome within EBV -pos DLBCL. Patients with low levels of M2 macrophages had improved outcome compared to those with high levels of M2 macrophages. However, numbers are small and must be interpreted with caution. These results require validation in larger patient groups before definitive conclusions can be drawn.
Rates of EBV -pos DLBCL appear to vary geographically.
However, many centres apply EBER-ISH in a targeted fashion, such as elderly patients or those with specific histological features. Results of large population-based series that have formally examined the impact of EBV-tissue status in patients with de novo DLBCL treated with frontline R-CHOP immuno-chemotherapy have been conflicting. [5] [6] [7] 35 It remains unclear to what extent these differences reflect ethnic variations between studies conducted in either predominantly Asian or Caucasian population, and further large-scale studies in new geographic localities are required. However, addition of rituximab to CHOP ("R-CHOP") improves response and survival. 36 The incidence of EBV -pos disease in Australia (6.9%) lies between rates observed in Europe and North American of 2%-5% 7, 37 and that seen in South-East Asia and South America where 4%-15% of newly diagnosed DLBCL can be EBV -pos . 35, 38 One explanation is that this reflects the country's evolving demographics, including increasing immigration from South-East Asia. The ethnicity of patients in this study was not obtained (to our knowledge, ethnicity has not been specifically been included in prior studies of EBV -pos DLBCL), and these data should be collected in future studies of EBV -pos DLBCL. Our findings also confirm recent descriptions of the disease in younger age groups with approximately a quarter of our cohort under the age of 60 and 2 cases occurring in patients <50 years of age. However, it remains a disease of predominantly older patients. 4, 10, 12 Although the Hans classifier demonstrates that EBV -pos DLBCL occurs in both GCB and non-GCB cases, many studies show enrichment in non-GCB tumours. 6, 38 In contrast, in one of the largest studies to date there was no significant difference in the frequency of non-GCB-to GCB-typed patients. 7 In another study in which the majority of COO was performed by gene expression, 39 with the remaining performed by Hans, the proportions of GCB vs ABC were almost identical. 4 Due to its inherent subjectivity and variability in scoring, the concordance between IHC and gene expression is modest and the prognostic value of the Hans method has been challenged. 25, 29, 40 To our knowledge, the present study is the first to use the Lymph2Cx COO classifier in EBV -pos DLBCL. We observe that the rate of GCB in EBV -pos DLBCL biopsies was higher than previously described using the Hans classifier and that there was no enrichment of one subtype of COO over another. Consistent with reported BCL6 IHC findings, 3
EBV -pos DLBCL had lower levels of the Hans/GCB-related gene BCL6
than EBV -neg cases. However, this difference was confined to the EBV -pos GCB DLBCL subset only. These findings appear to be consistent with evidence suggesting EBV induces an atypical GCB reaction associated with persistent infection in a latent form, 41 and to the known ability of EBV-miR-BART9 and BART17-5p to down-regulate BCL6 expression. 42 It is unclear what impact (if any) this might cause upon discrepancies in COO classification by IHC and gene expression in EBV -pos DLBCL. It is also possible that the Lymph2Cx assay may not be as accurate in subsets of DLBCL cases with unique tumour microenvironments as occurs in EBV -pos DLBCL given the assay is not performed specifically on tumour cells only. Additional studies are required before firm conclusions can be made.
In summary, we demonstrate that whilst the effector immune response in EBV DLBCL appears intact, it is counterbalanced by high levels of immune suppression in the TME with both elevated immune checkpoints and very high levels of tumour-associated macrophages that appear to impact survival. Future clinical trials that focus on targeting these pathways may lead to improved outcomes for this poor prognosis subgroup of DLBCL.
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